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Intergranular conduction in half metallic CrO2 is known to occur through a combination of spin
dependent tunneling (driven by Coulomb Blockade (CB) effects) together with certain spin indepen-
dent (SI) hopping processes. We present evidence that in polycrystalline CrO2 with enhanced grain
size, both these process ( CB effect and SI Hopping) are suppressed and the functional form of con-
ductance is best described by Fluctuation Induced Tunneling (FIT) in a wide temperature range.
Similar features are observed when grain boundary density is increased by Cr2O3 or Cr2O5.The
spin dependent tunneling driven by FIT results in the observation of significant enhancement and
monotonic temperature dependence of magnetoresistance. Overall, the magnetotransport measure-
ments in a thus far unexplored crystallographic regime of CrO2 reveal that the functional form of
conductance strongly influences its magnetoresistive properties.
PACS numbers: 85.75.-d, 73.40.Gk, 72.25.Ba, 72.15.Gd
CrO2 is a canonical example of a half metallic ferro-
magnet [1] (HMFM), exhibiting an experimental obser-
vation of nearly 100 % spin polarization of the charge
carriers at the Fermi level[2, 3, 4, 5]. An interesting
feature exhibited by this spintronic material is that elec-
tron transport is metallic in single crystal form whereas
the granular samples show an activated behavior. It is
to be noted that the bulk magnetization in both cases
shows no apparent difference. This unusual behavior is
understood to be the outcome of strong grain boundary
(GB) effects that governs the electronic conduction in
this material[3, 4, 5]. Here the inter grain conduction
occurs through the (spin polarized) tunneling of charge
carriers across insulating GB - a phenomenon which is
central to the observation of enhanced magnetorsistance
(MR) in granular CrO2. [3, 4, 5] The GB’s that appear
as a thin layer on the surface of the CrO2 grain have
been identified to be an antiferromagnetic (AFM) insu-
lator Cr2O3.[3, 6]. The typical thickness of the GB in
commercially available CrO2 powders is about 1-2 nm
whereas the typical grain size is about 0.1-0.4 µm [3, 6].
The exact functional form of the conductance depends
crucially on these microstructural parameters.
It is interesting to note that the transport mechanism
as seen in CrO2 as well as many such granular metals sim-
ply mimic the physical properties of tailor made conduct-
ing grains (with well defined shape and size ) embedded
in an insulator[3, 7, 8]. For instance, commercial pow-
ders are seen to exhibit Coulomb Blockade (CB) effects
at temperatures below 50 K [3, 9], with the conductance
exhibiting a characteristic exp(-∆/T)1/2 dependence[10].
Above 50 K, multi channel inelastic hopping through the
localized states in the GB is seen to dominate the con-
ductance. Overall, the functional form of conductance
up to the room temperature can thus be written as [9]
σ = B1exp(−∆/T )
0.5 + C1T
1.33 + C2T
2.45 + ... (1)
C1, C2 are the higher order terms is the coefficient corre-
sponding to the first and second order of hopping through
the localized states of the GB. However, these hopping
processes do not conserve spin and thus responsible for
the rapid decline of spin polarization and consequently
MR above 50 K in this spintronic material[9]. This func-
tional form of conductance is seen to be retained when
GB thickness is increased by intentional dilution with
Cr2O3. Though enhancing GB thickness improves the
MR at low temperatures, it still decays rapidly above 50
K and is negligible near the room temperatures[3, 9].
Such studies also indicate that the electron transport
and therefore MR in this material should be tuned by
variation in crystallographic microstructure. Unfortu-
nately, tuning these parameters without disturbing the
HMFM phase of CrO2 is a non trivial task, for it is a
metastable phase with associated difficulties in synthesis
[11]. These factors severely limit the tunability factor of
various microstructural parameters and most magneto-
transport measurements on this material have been re-
ported on commercially available powders, which were
basically meant for magnetic recording industries.
In this letter, we report electrical transport measure-
ments in pure as well as highly diluted samples of granu-
lar CrO2 with substantially enhanced grain size, roughly
an order of magnitude larger than what is seen in com-
mercial powders. These samples were synthesized in
cold pressed powders as well as sintered pellets form,
while retaining the phase purity and characterized by X-
ray diffraction (XRD) bulk magnetization and Scanning
Electron Microscopy (SEM) etc. [12, 13]. The trans-
port measurements were made using PPMS -9 (Quan-
tum Design) by using the standard four probe technique
in the temperature range of 5-320 K. Fig. 1 summa-
rizes the characterization measurements on a pure and
sintered CrO2 sample, the details of which can be found
elsewhere[13]. It is to be noted that we categorize ’pure
CrO2’ as samples in which saturation magnetization (Ms)
falls between 125-135 emu/g[14]. These samples do not
2exhibit any visible peak corresponding to the insulating
oxide Cr2O3 in XRD patterns. By suitable variation in
synthesis condition, the mass fraction of Cr2O3 can be
systematically increased, which is then visible in XRD
and is quantified[13]. We also present transport mea-
surements on samples in which GB density was increased
by Cr2O5, another AFM insulator having lower TN than
Cr2O3. The transport measurement on these compos-
ites bring out the crucial role played by the AFM char-
acter of GB in magnetotransport in granular CrO2, an
aspect which is less adequately addressed in literature as
far as bulk samples are concerned. Exploring this mate-
rial with varying crystallographic microstructure enables
the observation of a different functional form of activated
transport which is evidently related with the significantly
enhanced MR properties in these samples.
Fig.2 displays zero field conductance as a function of
temperature for pure and diluted samples of CrO2. The
data set can be roughly divided into two temperature
regions, the lower side of region I exhibits a practically
linear temperature dependence, followed by a sudden rise
in conductance occurs in region II (between 240-300 K),
which was not seen in granular CrO2 prior to this work.
Though conductance follows an activated behavior in
both the regions, as is expected in granular CrO2, its
temperature dependence could not be fitted with either
the CB term or its combination with any other hopping
terms as given in eq.1 [3, 9]in the temperature range of
measurement. It is to be noted that the CB energy has
been calculated to be about 13 K [3] for commercially
available CrO2 powders with about 0.1 µm grain size,
whereas the grain size in our samples is 1-10 µm [13].
Thus the absence of CB effects in the lower tempera-
ture region is not surprising due to the larger grain size
[10]. However, this data does not fit to any of the spin
independent hopping described in eq.1 in higher temper-
ature region as well, in which the conductance rises much
sharply and with a opposite curvature than what is pre-
dicted by higher order terms of Eq.1.
We find that the functional form of conductance in
region I is best described on the basis of a Fluctuation
Induced Tunneling (FIT) model meant for conducting
grains separated by insulating barriers[15]. One essential
ingredient of this model is that the conducting grains
are large enough so as to overcome the Coulomb Block-
ade regime. The tunnel barrier is considered to be in the
form of rectangular tunnel junction of area ’A’ and width
’w’. When such a tunnel junction is kept under a thermal
bath, apart from the externally applied field EA, there is
an additional source of the field, which arises due to ther-
mal fluctuations leading to a voltage difference across the
junction. Most remarkably, it was seen that the underly-
ing approximations, which are meant for a single tunnel
junction can be used to describe a network of indepen-
dently fluctuating tunnel junctions[15] and the final form
of conductance can be given by[15].
σ = σ0exp(
−T 1
T + T 0
) (2)
here T 1 = uE
2
0
/kB, T 0 = 2uE0
2/piχwkB, E0 = 4
V0/ew , u = wA/8pi , χ = (2mV0/h
2)1/2 and V0 is the
height of the potential barrier [15].
The data set in Fig.2 fits well to Eq. 2 with single
set of parameters roughly upto 200 K . The ratio T1/T0
directly gives an estimate for barrier thickness if V0 is
known. We estimate the parameter ’w’ for the pure CrO2
by taking V0 to be 0.7 eV [16] for CrO2. This yields ’w’
to be of the order of 2A which appears a feasible value
for tunnel barrier thickness. Similar fits were obtained on
pure samples prepared in different batches in both cold
pressed as well as in sintered form. Though FIT is seen
in granular CrO2 samples for the first time, it is impor-
tant to recall that is found to be most appropriate model
for many other granular oxide samples which exhibit in-
tergranular tunneling. These include double pervoskite
Sr2FeMoO66 [17] and very recently Sr2CrWO6 [18].
Dilution [12, 13] of CrO2 with insulating oxide Cr2O3
or Cr2O5 also follows a similar functional form as is ob-
served for pure CrO2 in lower temperature region.(Fig
2b). Though functional form of conductance follows FIT
even in highly diluted samples irrespective of the type of
insulator- some subtle differences appear in region I. For
instance, when the quantity (1/ρ)(dρ/dT) is plotted as a
function of temperature for pure CrO2 and CrO2/Cr2O5
composites, all the data practically collapse into a single
curve roughly upto 200 K as is shown in the main panel
of Fig.3. The CrO2/ Cr2O3 composites do not follow
this pattern as can be seen in the inset of Fig.3 where
data on both composites is plotted together. This can
be attributed to a strikingly different value of parame-
ter T1 as seen in Cr2O3 composites. Considering the
functional form of resitivity following Eq. 2, the quan-
tity (1/ρ)(dρ/dT) is given by -T1/(T+T0)
2. In the inset
of Fig.3, the solid line is the function -T1/(T+T0)
2 for
which T1 and T0 have been obtained from the fit of σ
vs T data for each composite. This separates out the re-
gion in which FIT dominate in a clear fashion and brings
out the robustness of the FIT conductance in pure and
diluted CrO2 samples. Most importantly, it also gives a
clue about the role of the magnetic nature of GB on the
functional form of zero field conductance. Though FIT
model does not take care of magnetic interactions ex-
plicitly, its influence on the tunneling probability should
reflect in the nature of the potential barrier, as it appears
from the fitting parameters as obtained on samples with
different type of GB.
The functional form of the conductance in region II
where a sudden rise occurs could not be explained by
FIT model alone. As is evident from Fig2, the sharpness
of 240 K feature varies with the type of GB. We ob-
serve that enhancing the GB density by Cr2O5 reduces
3the sharpness of the step in conductance, however in the
presence of Cr2O3 the functional form of conductance is
qualitatively similar to what is seen in pure CrO2. It
is to be noted that in the vicinity of the step, Cr2O3
is an AFM insulator whereas Cr2O5 is a paramagnetic
insulator. Though it is difficult to separate out the con-
tribution of grain or the GB from the present data, but
it is clear from Fig. 2 that the magnetic state of GB
does play a role. The sudden rise in conductance does
not seem to be associated with a conventional structural
or magnetic transition in CrO2 grain, as is concluded
from the bulk magnetization and specific heat measure-
ment around this temperature (Fig 1). However a subtle
transition associated with magnetic GB can not be fully
ruled out using these measurements alone and requires
certain microscopic measurements. From the analysis of
magnetoresistance data, it appears that a combination
of magnetic interactions among the grains and the GB is
responsible for this feature.
Fig 4 shows the effect of applied magnetic on the con-
ductance for pure CrO2 in the entire temperature range
of measurements. We find that both T1 and T0 change
significantly in the presence of field though their ratio
does not show variation. We also find that both these
parameters depend on the temperature and field mea-
surement protocols but their ratio does not show signifi-
cant variation on the cooling / heating cycles. Since the
applied magnetic field aligns the magnetization of indi-
vidual grains and also alters the magnetic state of GB,
it is likely to modulate the tunneling probability and the
barrier height (V0) and hence influences T1 and T0. The
value of V0 in the presence of the field can be estimated
by certain measurements which is beyond the scope of
present work [17]. We also note that the σ Vs T curves
remain well separated and exhibit a monotonic rise as a
function of field till about 200 K. Above 240 K, the con-
ductance rises sharply but the MR (defined as (σH -σ0)/
σ0) falls , though it remains finite. This is a significant
observation for it shows that for samples with variation
in crystallographic microstructure, finite MR can be re-
tained right up to the room temperature. The data set in
Fig 4 clearly brings out that the functional form of con-
ductance plays a crucial role in determining the evolution
of MR as a function of temperature.
In conclusion we have demonstrated that by modula-
tions in grain size, type and mass fraction of grain bound-
ary density , we are able to observe a different functional
form of activated transport in granular CrO2. In a wide
temperature range , this is best described by Fluctu-
ation Induced Tunneling irrespective of type and mass
fraction of insulator. These data convey that tuning the
microstructure, one can alter the functional form of acti-
vated transport which directly governs its magnetoresis-
tive properties. The magnetoresistance as measured in
the sintered samples of CrO2 (and also when it is diluted
with another insulating oxide) is substantially enhanced
till about 200 K and is considerably large near the room
temperature in these samples unlike vanishingly small
MR as seen in commercial powders. These results should
provide important input for fabricating the devices based
on this spintronic material.
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4FIG. 1: Magnetization as a function of Temperature for pure
and sintered CrO2. Lower inset displayes SEM piture exhibit-
ing grains with average length of about 5 microns. Upper in-
set exhibits specific heat as a function of temperature for the
same sample.
FIG. 2: (a) displays σ Vs T for pure CrO2. The data is
consistant with the previous observation of activated behav-
ior for granular CrO2, but with a different functional form
in the entire temperature range of measurement. The veriti-
cal line demarkate two distinct regions of activated trasport.
Solid lines in main panel is the fit of FIT model (eq.2) to
the conductivity data. (b) displays the same for CrO2/Cr2O5
(triangles) and CrO2/Cr2O3 composites (stars). The mass
fraction of CrO2 in each of these composites is nearly 50 %.
FIG. 3: The main panel shows the quantity (1/ρ)(dρ/dT) as
a function of temperature, for pure CrO2 and CrO2/Cr2O5
composites with varying mass fraction of CrO2. Inset shows
the same plot for a CrO2/Cr2O3 (stars) together with a
CrO2/Cr2O5 (triangles) composite. Solid lines in the inset
are the function [-T1/(T+T0)
2] plotted against Temperature,
where the corresponding values of T1 and T0 have ben ob-
tained from the σ vs T curves for each sample.
FIG. 4: σ Vs T measured at 0, 2 and 5 Tesla for a pure CrO2.
Solid lines in each data set are the fit of eq.2.to the data. The
applied magnetic field does alters the parameters T1 and T0
though their ratio does not show varation. The deviation
from FIT is also marked by the change in the temperature
dependence of MR as is evident from the figure.
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